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behaviour of the alloy is limited [13-15]. The present work aims at understanding the influence of strain – 
temperature phasing on the fatigue deformation and damage behaviour of P91 steel under TMF cycling. Based 
on detailed TEM investigations, it was also attempted to compare the material behaviours under IF and TMF 
loading conditions. 
2. Experimental 
In-Phase and Out-of-Phase TMF tests were carried out on tubular samples employing a mechanical strain 
amplitude (Δεmech) of ± 0.4%. A fixed strain rate of 1.2×10-4s-1 was used for all the tests. Also, a constant 
temperature range (ΔT) of 200 K was used, and tests were carried out in the interval, 573-923K. Besides, IF 
tests were performed at the peak temperatures (Tmax) of TMF cycling using the same strain rate and identical 
specimen geometry for a comparative evaluation of TMF and isothermal behaviours. Details pertaining to the 
machine and the experimental setup used are elaborately covered elsewhere [16]. The alloy had the following 
chemical composition (in wt. %): Cr: 9.3, C: 0.11, Mo: 0.99, Ni: 0.14, V: 0.25, Nb: 0.1, N: 0.068, S: 0.008 and 
P: 0.02. The material was given a normalizing (1313 K for 1 h + air cooling) followed by tempering (1033 K 
for 1 h + air cooling) treatment prior to testing. The microstructure of the heat-treated material comprised of a 
tempered martensitic lath structure with a high dislocation density. 
3. Results and discussion 
3.1. Cyclic stress response  
The alloy displayed a continuous cyclic softening under both TMF and IF tests, in all the temperatures 
ranges investigated. Figure 1 shows a comparative plot of the cyclic stress response obtained under TMF in the 
temperature interval of 623-823 K and IF cycling at the Tmax (623 K). Such a behaviour is a characteristic 
feature of most ferritic-martensitic steels [1-15]. Upon cycling, the transformation of the lath into a subgrain 
structure took place (Figs. 2a-c), resulting in cyclic softening. It was also seen that IF cycling at the Tmax 
produced a significantly greater recovery compared to that induced by TMF cycling (Fig. 2c) owing to the 
sustained deformation taking place at the Tmax, compared to that resulted under TMF. As a consequence, IF 
cycling led to a lower stress response compared to TMF. 
 
 
Fig. 1.Cyclic stress response plots under TMF (623-823 K) and IF cycling at Tmax (823 K). 
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3.2. Influence of oxidation 
Ferritic steels are known to suffer considerable oxidation-assisted damage during high temperature thermal 
exposure [17]. Presence of external stresses, thermal or mechanical, leads either to cracks or detachment of 
oxide layer (spalling) that in turn exposes fresh material to the environment. Out-of-Phase TMF yielded 
consistently lower lives compared to IP cycling under all the temperature ranges investigated. This is consistent 
with the well established compressive dwell sensitivity of these class of alloys under creep-fatigue cycling 
reported by several investigators [2-5, 8]. Out-of-phase cycling may be considered similar to a compressive 
dwell creep-fatigue interaction test in that the plastic deformation and hence the creep damage predominates 
under compressive loading. Further, a tensile mean stress builds up under OP TMF just as it does, in the case of 
a compressive hold creep-fatigue interaction test. The base metal usually expands more than the oxide it forms 
during a heating cycle on account of its higher thermal expansion coefficient.  Consequently, the oxide is 
subjected to a tensile stress that can only be relieved by cracking [18]. The tensile mean stress prevailing in OP 
cycling could also facilitate easy cracking of the oxide scale. The cracks under IP cycling were seen to be blunt 
and coated with thick oxide scales (Fig. 3a), as opposed to the relatively sharper cracks observed under OP 
TMF (Fig. 3b). Thus, the differences in lives between IP and OP cycling are likely to arise as a consequence of 
a higher propensity for oxide cracking under OP cycling. 
 
 
 
(a) (b) 
(c) 
Fig. 2. Substructures resulted under (a) IP TMF, (b) OP TMF and (c) IF cycling at 923K (ΔT for TMF: 723-923 K). 
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Fig. 3. Secondary cracking
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Fig. 4. Half-life tensile stress vs. temperature plots under
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4. Conclusions 
Isothermal LCF and TMF behaviours of modified 9Cr-1Mo ferritic steel were investigated. isothermal 
cycling at the maximum temperatures of TMF cycling yielded lowest lives compared to both IP and OP TMF 
cycling. Also, OP TMF cycling yielded lower lives compared to IP cycling under all the temperature ranges 
investigated. The lower lives observed under OP TMF in comparison with IP cycling were explained on the 
basis of oxidation effects coupled with a tensile mean stress in the former. Also, cyclic life under IP TMF 
cycling was observed to reduce more drastically compared to OP cycling, owing to the development of a 
greater amount of creep damage which gains significance with increasing Tmax. Consequently, the difference in 
lives under IF and TMF cycling narrowed down with an increase in the Tmax of TMF cycling. 
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